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Background. Nevirapine resistance after failed prophylaxis to prevent mother-to-child human immunodeficiency virus (HIV) transmission can compromise subsequent nevirapine-based highly active antiretroviral therapy (HAART).
Methods. Nevirapine-exposed children who achieved virologic suppression with lopinavir/ritonavir-based induction HAART before switch to nevirapine-based HAART or who continued the lopinavir/ritonavir regimen were studied. Nevirapine-resistant HIV was quantified (>1% frequency) in plasma before therapy and archived in peripheral blood mononuclear cells after induction HAART with ultradeep pyrosequencing. The primary endpoint was virologic failure (confirmed viremia >1000 copies/mL by 52 weeks) on nevirapine-based HAART, and Receiver operating characteristic analysis identified threshold levels of resistance associated with failure.
Results. Nevirapine resistance mutations were detected in plasma at a median frequency of 25.6% in 41 (33%) of 124 children starting HAART at median 9 months of age. After a median nine months of induction HAART, nevirapine-resistant HIV remained archived in cells in 59 (61%) of 96 children (median 13.6% of cells). The threshold frequency of nevirapine resistance in plasma most predictive of virologic failure on nevirapine-based HAART was 25%. Children maintaining resistance before therapy at or above this threshold frequency had a 3.5 fold higher risk of failure (95% confidence interval, 1.1-10.8) than children without detectable plasma resistance. In contrast, virologic failure was not independently associated with age, resistance in plasma below 25% frequencies, or archived in cells.
Conclusions. Virologic suppression with lopinavir/ritonavir-based HAART in nevirapine-exposed children raises the threshold level of resistance at which reuse of nevirapine-based therapy is compromised. Standard genotyping may allow identification of children likely to benefit from an induction-switch approach.
Exposure to a single dose of nevirapine to prevent mother-to-child transmission of human immunodeficiency virus (HIV) [1] [2] [3] [4] [5] results in the selection of resistant virus to high frequencies in plasma (.20% of virus population) in approximately 36% of women and 53% of infants [6] . The frequency of nevirapine-resistant HIV decays after prophylaxis but persists at low levels in plasma in infants for up to 1 year and in women for up to 3 years [7] [8] [9] [10] . The frequency of HIV-infected cells containing nevirapine-resistant virus also decays during the first year [10] but remains detectable with replication-competent virus in about 8% of women followed for a median of 2 years [11] .
Development of nevirapine resistance from the single prophylactic dose affects the effectiveness of first-line highly active antiretroviral treatment (HAART) with nevirapine in women and children [12] [13] [14] [15] . A large clinical trial demonstrated that 83.2% of single-dose nevirapine exposed children who maintained resistance prior to HAART therapy at levels detected by standard genotyping failed nevirapine-based HAART, compared with 18.2% of nevirapineexposed children without detectable resistance [13] . Even low levels of nevirapine resistance in plasma, whose detection requires sensitive genotyping assays, places women (hazard ratio [HR], 3.8 [95% confidence interval {CI}, 1.1-13.9]) [14] and infants (risk ratio, 2.4 [95% CI, 0.9-7.8]) at an increased risk of treatment failure with nevirapine-based regimens [15] . In women exposed to single-dose nevirapine, detection of resistant HIV in proviral DNA, at frequencies as low as 5% prior to nevirapinebased HAART, was also associated with treatment failure [16] ; however, a similar effect was not seen in children [15] .
In the NEVEREST trial, among children whose viremia was first controlled with lopinavir/ritonavir-based induction HAART before nevirapine was reused for treatment, approximately 20% experienced rebound viremia (>1000 copies/mL), compared with 2% of children who continued to receive lopinavir/ritonavir-based HAART [17] . These findings suggest that archived nevirapine-resistant HIV from failed prophylaxis in children may diminish the effectiveness of treatment with nevirapine despite induction therapy. We used ultradeep pyrosequencing, a newer sequencing approach that quantifies drug-resistant HIV present at frequencies as low as 1% at all known sites [18] , to assess the prevalence and frequency of nevirapine-resistant HIV in plasma and long-lived cells, and examined their effect on virologic response when nevirapine was reused for treatment.
METHODS

Study Participants, Intervention, and Monitoring
The study participants were a subset of children from the recently reported NEVEREST trial [17] . Subtype C HIV-infected South African children aged between 2 and 24 months who had received single-dose nevirapine were treated with induction HAART containing lopinavir/ritonavir, lamivudine, and stavudine before being randomized to continue the lopinavir/ ritonavir regimen or switch to therapy with nevirapine, lamivudine, and stavudine [17] . Children who were eligible for randomization (decrease in plasma viremia to ,400 copies/mL for >3 months within 12 months of induction HAART; n 5 195) and who started HAART at entry into NEVEREST (n 5 151) were eligible for our study (Figure 1 ) [17] . Forty-four children were not eligible because of referral into the trial after HAART was initiated. Stored pretreatment plasma samples and peripheral blood mononuclear cells (PBMCs) collected during induction HAART when plasma viral loads were ,400 copies/ mL were available from 141 and 135 children, respectively.
HIV Genotyping of Pretreatment Plasma and PBMCs
At the time of our study, ultradeep pyrosequencing was validated for quantifying drug-resistant HIV at >1% frequency when plasma viral loads were >100,000 copies/mL [18] . Of the 141 children eligible for our study, genotyping was not possible for 14, because plasma volumes were insufficient or viral loads were ,100,000 copies/mL (Figure 1 ). Analysis of resistance in cells was possible in 113 of 135 children whose viral loads were suppressed with induction HAART, had sufficient genomic DNA (.10 ng/lL), and paired pretreatment plasma samples (Figure 1 ). Viral RNA from plasma (140 lL) and genomic DNA from PBMCs were extracted using column-based nucleic acid isolation (Qiagen). cDNA was synthesized from viral RNA with subtype C gene-specific primers. Four single-round polymerase chain reactions were performed from cDNA or standard input of genomic DNA (350 ng) for amplification of HIV reverse transcriptase regions encompassing 2 clusters of nevirapine resistance sites (amino acid positions 98-108 and 181-190) [18] . Reactions with positive results were sequenced by 454 Life Sciences. For children who failed nevirapine-based HAART, standard genotyping was performed with an in-house assay on plasma samples collected at the earliest time point when failure was confirmed [19] .
Sequence Analyses
Sequences generated by ultradeep pyrosequencing were analyzed using GS Amplicon Variant Analyzer software [18] . Sequences derived by standard genotyping were analyzed as previously described [19] [20] [21] . Drug resistance mutations were characterized on the basis of recommendations from the International AIDS Society-USA and Stanford University drug resistance database [22, 23] . Nevirapine-resistant virus was quantified as a sum percentage of HIV variants in plasma or HIV-infected cells containing any of the following mutations: L100I, K101E/P, K103N/S, V106A/M, V108I, Y181C/I/V, Y188C/L/H, and G190A/S/E.
Statistical Analyses
Children with viral loads of >1000 copies/mL at 2 or more visits within 52 weeks after switch to nevirapine-based HAART, a safety end point in the parent trial [17] , were defined as experiencing virologic failure. The time at confirmed viremia of >1000 copies/mL was used as the time of virologic failure in time-to-event analyses. The main covariates of interest were the prevalence and frequency of nevirapine-resistant HIV in pretreatment plasma and cells. Receiver operating characteristic (ROC) analysis was used to investigate whether a threshold frequency of nevirapine-resistant HIV in pretreatment plasma or cells predicted virologic failure. This threshold frequency was calculated on the basis of the maximum Youden index (sensitivity -[1 -specificity]) associated with failure. Kaplan-Meier analysis and Cox proportional hazard regression were used to assess the impact of nevirapine-resistant HIV on the probability and time to failure, after adjusting for potential confounders (pretreatment viral load and CD4
1 T cell percentages, and age at HAART initiation). The correlation between frequencies of nevirapine-resistant HIV in pretreatment plasma and cells was assessed using Spearman rank correlation. Baseline characteristics of children randomized to the nevirapine and lopinavir/ ritonavir arms were compared using Fisher exact test for categorical variables and Wilcoxon rank-sum test for continuous variables. Data analysis was performed using STATA software, version 10.0 (StataCorp).
RESULTS
Patient Characteristics
HIV was successfully genotyped in 124 of 127 children with sufficient pretreatment plasma at viral loads >100,000 copies/mL (63 children in the nevirapine arm and 61 children in the lopinavir/ritonavir arm; Figure 1 ). Similar to the parent trial [17] , these 124 children started therapy at median 9 months of age (interquartile range [IQR], 5-14 months; Table 1 ) and received induction HAART with lopinavir/ritonavir for median 9 months (IQR, 7-12 months) before randomization. The presence of archived nevirapine-resistant HIV in cells while viremia was suppressed with induction HAART was assessed in 96 children (53 in the nevirapine arm and 43 in the lopinavir/ritonavir arm; Figure  1 ) who also had paired plasma genotypes. Pretreatment viral loads, CD4 1 T cell percentages, World Health Organization (WHO) clinical staging, and months of receipt of induction HAART were similar for the 2 treatment groups (Table 1) .
Nevirapine Resistance in Plasma Prior to HAART
For analysis of plasma genotypes, a median of 10,868 sequence reads per patient (IQR, 7715-14,551 sequence reads per patient) were obtained by means of ultradeep pyrosequencing. The prevalence of nevirapine resistance prior to HAART was 33% (41 of 124 children; Figure 2A ). The median frequency of nevirapineresistant virus in plasma was 25.6% (IQR, 14.4%-73.7%). Most children (32 [78%] of 41) had only 1 resistance mutation; however, 8 (20%) had 2 mutations and 1 child had 3 mutations. As expected, the persistence of nevirapine-resistant HIV in plasma differed significantly by age. Younger children starting HAART had a significantly higher prevalence of resistance: 16 (48%) of 33 infants aged ,6 months, compared with 19 (37%) of 51 and 6 (15%) of 40 of children aged 6-12 and .12 months, respectively (P 5 0.005; Figure 2A ). However, when resistance was detectable in plasma, there was a trend toward higher frequencies in older children. The median frequencies of nevirapine-resistant virus were 18.9% (IQR, 10.5%-52.8%) for children aged ,6 months, 25.6% (IQR, 11.2%-92.3%) for children aged 6-12 months, and 62.5% (IQR, 31.4%-98.6%) for children aged .12 months (P 5 .23; Figure 2A ).
In plasma, Y181C was the most common mutation detected and was present in samples from 31 (76%) of 41 children with resistant virus (median frequency, 25.6% [IQR, 13.4%-71.9%]). The K103N mutation was detected in samples from 27% of children (median frequency, 14.6% [IQR, 1.3%-82.7%]). Three other nevirapine resistance mutations were also detected, although at relatively low levels: G190A/E (15% prevalence; median frequency, 4.4% [IQR, 2.1%-12.4%]), V106A/M (7% prevalence; median frequency, 1.5% [IQR, 1.2%-7.4%]), and K101E (in 1 child in 3.0% of plasma virus). (10%) had 3 mutations, and 1 child had 4 mutations.
We did not detect a difference in prevalence of archived nevirapine resistance according to age. Fourteen (54%) of 26 children aged ,6 months, 27 (73%) of 37 children aged 6-12 months, and 18 (55%) of 33 children aged .12 months at the start of HAART had archived nevirapine-resistant HIV (P 5 .19; Figure 2B ). However, younger children had significantly higher frequencies of infected cells with resistant virus: a median of 52.3% (IQR, 7.6%-67.9%) in children initiating therapy at age ,6 months, 18.3% (IQR, 4.5%-43.2%) in children initiating therapy at age 6-12 months, and 3.8% (IQR, 2.4%-10.5%) in children initiating therapy at age .12 months (P 5 .03; Figure 2B ).
All 8 nevirapine resistance mutations [22, 23] were detected in cells. As observed in plasma, Y181C was the most frequent mutation detected and was present in specimens from 34 (58%) of 59 children with resistance. The median frequency of HIVinfected cells with Y181C was 22.4% (IQR, 6.5%-52.5%).
G190A/E mutations were also commonly detected in cells (44%) and were present in a median of 2.6% of infected cells (IQR, 1.3%-3.5%). The K103N mutation was present in 14% of children in a median of 37.0% of infected cells (IQR, 4.0%-76.4%), and V106A/M mutations were present in 17% of children in a median of 4.8% of infected cells (IQR, 1.5%-28.5%). The mutations L100I, K101E, V108I, and Y188C/H were detected in 2%-7% of children at median frequencies ranging from 1.2% to 7.3% of cells. 
Effect of Nevirapine Resistance on Virologic Control with Nevirapine-based HAART
As in the parent trial [17] , confirmed viremia of more than 1000 copies/mL by 52 weeks was more common in children who switched to nevirapine-based HAART than in children who continued to receive lopinavir/ritonavir-based HAART The observed differences in the time to virologic failure for these 3 groups are displayed in Figure 3 . Archived nevirapine resistance detected in cells just prior to randomization was not predictive of virologic failure for patients receiving nevirapine-based HAART (HR, 1.2 [95% CI, 0.3-4.5]; P 5 .77). Unlike for resistance detected in plasma, we were unable to identify a threshold frequency of nevirapine-resistant cells associated with failure. The frequencies of nevirapine-resistant cells were, however, linked with the frequencies of resistant virus maintained in pretreatment plasma for children treated with nevirapine-based HAART. All 10 of the children who had a frequency of resistance in plasma of more than the threshold of 25% had detectable archived resistance in a median of 75.3% of infected cells (IQR, 49.6%-87.7%). This archived resistance was higher in prevalence and frequencies than in children who started HAART with ,25% of plasma virus with nevirapine resistance (10 We also examined whether other factors were predictive of virologic control with the switch to nevirapine-based HAART. Pretreatment viral loads and CD4
1 T cell percentages were not significantly associated with virologic failure. Children who Figure 2A . Overall prevalence and median frequency of nevirapineresistant human immunodeficiency virus (HIV) in the pretreatment plasma virus population in children initiating highly active antiretroviral therapy (HAART) between 2 and 24 months of age. Also shown are the prevalence of resistance for children ,6 months, 6-12 months, and .12 months of age at start of HAART (Fisher exact test P 5 .007) and their associated frequencies of resistant HIV in the plasma virus population (Wilcoxon rank sum test P 5 .23). IQR, interquartile range. Figure 2B . Overall prevalence and median frequency of human immunodeficiency virus (HIV)-infected cells with nevirapine resistance mutations in peripheral blood mononuclear cells collected from children whose viral load was suppressed with lopinavir/ritonavir-based highly active antiretroviral therapy (HAART) for a median of 9 months. Also shown are the prevalence of resistance in cells for children ,6 months, 6-12 months, and .12 months of age at start of HAART (Fisher exact test P 5 .19) and their associated frequencies of HIV-infected cells with resistance (Wilcoxon rank sum test P 5 .03). IQR, interquartile range; PBMCs, peripheral blood mononuclear cells.
started induction HAART by 6 or 6-12 months of age were also not at an increased risk of virologic failure compared with children who started at age .12 months (,6 months: HR, 0.8 [95% CI, 0.3-2.5]; P 5 .73; 6-12 months: HR, 0.2 [95% CI, 0.02-1.6]; P 5 .12). Even when age at start of HAART was included in multivariate analysis, the association between plasma resistance at >25% threshold frequency and virologic failure persisted (HR, 6.4 [95% CI, 1.5-27.4]; P 5 .01).
Antiretroviral Drug Resistance Mutations among Children with Virologic Failure
HIV genotypes were amplified from specimens obtained from 12 of 14 children who experienced failure on nevirapine-based therapy (Table 2) . Overall, adherence was considered suboptimal (,95% adherence) for only 2 of 12 patients who experienced failure (patients 2 and 11). Seven (58%) of the 12 children experienced failure with mutations that were either detected in pretreatment plasma or archived in cells before reexposure to nevirapine. Three children experienced failure with nonnucleoside reverse transcriptase inhibitor (NNRTI) mutations not detected in pretreatment plasma or cells (patients 1, 4, and 5), and 2 with wild-type virus (patients 7 and 12). Ten children (83%) experienced failure with Y181C, and 5 children with mutations not typically seen during failure involving nevirapine (K101E, V106A/M, and G190A; Table 2 ). The lamivudine resistance mutation, M184V, was detected in 8 children (75%), but none experienced failure with thymidine analog mutations ( Table 2) .
Discussion
Persistence of nevirapine resistance after exposure to the single prophylactic dose, even at very low frequencies (0.2%), increases the risk of virologic failure with nevirapine-based therapy in both women [14, 24, 25] and infants [15] . In our study, however, we found that when children were first effectively treated with a lopinavir/ritonavir-based regimen, the presence of nevirapine resistance at a frequency of >1% of plasma virus did not increase the risk of virologic failure with use of nevirapinebased therapy. Rather, the persistence of nevirapine-resistant HIV in plasma at frequencies of 25% or higher was what placed children at higher risk (3.5-fold) of failure. Indeed, children in the NEVEREST trial were more likely to experience failure with nevirapine-based HAART than with lopinavir/ritonavir-based HAART when resistance was identified by means of standard genotyping prior to therapy [17] . The small number of failures in our study may have limited our ability to detect a statistical difference in the risk of failure for children with ,25% frequency of nevirapine-resistant virus, although our data were not suggestive of a higher risk. Nevertheless, this observation warrants additional study, because it differs from findings when nevirapine was administered as part of first-line therapy [15] . The detection of nevirapine resistance in cells of children while viremia was effectively suppressed with induction therapy with protease inhibitors suggests that archiving of resistant HIV occurs in a substantial proportion of children (61%) after nevirapine prophylaxis. Archived resistance was not predictive of virologic failure on reexposure to nevirapine, supporting the notion that not all archived, drug-resistant HIV present after prophylaxis are replication competent and clinically relevant [26] . Analysis of the replication competence of the archived pool was not feasible in this study, nor was genetic linkage of archived variants to rebounding virus, because ultradeep pyrosequencing only generated short sequence reads. However, children with resistant HIV at frequencies of >25% in plasma also had higher frequencies of cells with resistant virus just prior to randomization. This may reflect a fitness advantage of these variants to replicate to high levels in plasma in the absence of nevirapine and to establish replication-competent reservoirs likely to compromise therapy within 1 year after reexposure to nevirapine. Given that preexisting low-frequency, NNRTI resistance can compromise first-line therapy with NNRTIs [12, 14, 15, 18, 24] , it is possible that induction therapy also cleared short-lived cells infected with nevirapine-resistant HIV that would otherwise contribute to a poorer treatment response. Whether a longer duration of induction HAART with lopinavir/ritonavir would allow clearance of cells contributing high frequencies of nevirapine-resistant virus in plasma is unclear but important to study. In our study, unlike in studies of women and infants who had received single-dose nevirapine and were receiving first-line nevirapine-based HAART, we did not find the time to rechallenge with nevirapine after prophylaxis affected treatment response. Initiation of nevirapine-based HAART within 6 months in women and 7-12 months in children after receipt of the single prophylactic dose was associated with lower rates of virologic suppression than in those who received delayed treatment or no treatment with nevirapine [12, 13, 15, 16, [28] [29] [30] [31] [32] . Since the prevalence of nevirapine resistance in plasma and the frequencies of infected cells with resistance were higher in younger children in our study, it is possible that induction therapy modified this effect by clearing short-lived infected cells with actively replicating nevirapine-resistant virus. Whether this was confounded by predominance of resistance at frequencies of >25% in plasma in older children starting HAART (5/6 with resistance) remains unclear.
This study reports a high threshold level of nevirapine resistance in plasma (25%) to predict poor virologic response with reuse of nevirapine after prophylaxis. These findings suggest that standard genotyping assays may be sufficient to identify nevirapine-exposed children likely to respond to an induction-switch approach. Because nevirapine is a key component of strategies to prevent mother-to-child HIV transmission [33] and of HAART for infants in resource-poor countries [27] , insights into circumstances that would allow reuse of NNRTIs remain critical. Figure 3 . Kaplan-Meier estimates of virologic suppression (,1000 copies/mL at >2 visits) by 52 weeks after switch to nevirapine-based highly active antiretroviral therapy (HAART) for children in the study with resistance at >25% frequency (long-dashed line), ,25% frequency (short-dashed line), and no detectable resistance in pretreatment plasma (,1%; solid line).
